Abstract: Six glycoside hydrolase (GH) family 13 members, classified under the polyspecific neopullulanase subfamily GH13 20 (also termed cyclomaltodextrinase) were analysed. They originate from thermophilic bacterial strains (Anoxybacillus flavithermus, Laceyella sacchari, and Geobacillus thermoleovorans) or from environmental DNA, collected after in situ enrichments in Icelandic hot springs. The genes were isolated following the CODEHOP consensus primer strategy, utilizing the first two of the four conserved sequence regions in GH13. The typical domain structure of GH13 20, including an N-terminal domain (classified as CBM34), the catalytic module composed of the A-and B-domains, and a C-terminal domain, was found in five of the encoded enzymes (abbreviated Amy1, 89, 92, 98 and 132). These five enzymes degraded cyclomaltodextrins (CDs) and starch, while only three, Amy92 (L. sacchari), Amy98 (A. flavithermus) and Amy132 (environmental DNA), also harboured neopullulanase activity. The L. sacchari enzyme was monomeric, but with CD as the preferred substrate, which is an unusual combination. The sixth enzyme (Amy29 from environmental DNA), was composed of the ABC-domains only. Preferred substrate for Amy29 was pullulan, which was degraded to panose, and the enzyme had no detectable activity on CDs. In addition to its different activity profile and domain composition, Amy29 also displayed a different conservation (LPKF) in the fifth conserved region (MPKL) proposed to identify the subfamily. All enzymes had apparent temperature optima in the range 50-65
Introduction
Cyclomaltodextrinases (CDase, EC 3.2.1.54), maltogenic amylases (MAase, EC 3.2.1.33) and neopullulanases (NPase, EC 3.2.1.35) are all members of the glycoside hydrolase family 13 (GH13) and have recently been classified under a common subfamily, GH13 20 (subfamily 20 of glycoside hydrolase family 13), termed either the neopullulanase subfamily or cyclomaltodextrinase, a subfamily which in turn is part of the α-amylase family (Park et al. 2000; Lee et al. 2002; Oslancova & Janecek, 2002; Stam et al. 2006 ). This polyspecific group of enzymes hydrolyzes at least two of the three substrates cyclomaltodextrins (CDs), pullulan and starch, but has also been shown to catalyze transglycosylation of oligosaccharides (Park et al. 2000 (Park et al. , 2007 . The classification is based on both the amino acid sequence as well as the substrate specificities (Park et al. 2000; Lee et al. 2002) . Based on results from sequence alignment, and comparison of primary structures, four highly conserved regions in the catalytic (β/α) 8 -barrel domain have been found in the GH13 family (MacGregor et al. 2001) . These various enzymes in the GH13 family can be utilized in many different industrial applications. For example panose (from neopullulanase degradation) is used as a sweetener, and maltogenic amylases can be used as an antistaling agent in bread and for production of maltose syrup (Ooshima et al. 1988; van der Maarel et al. 2002) .
Of special interest for the substrate specificity is Primers to conserved region I and II were constructed and used in PCR amplifications with either environmental DNA, or chromosomal DNA from an isolated strain, as template. Resulting fragments in the size range 300-600 bp were selected and sequenced. Specific biotinylated primers were then constructed and used in PCR reactions together with an arbitrary primer and the same template as above. Resulting fragments were again sequenced, allowing construction of new specific primers. After sequencing to completion, the full length gene was amplified and cloned in an expression vector for production in E. coli.
the oligomeric state of these enzymes in solution. The dimeric form results in a more narrow and deeper cleft in the catalytic site, whereas the monomers have a wider and more shallow groove. In terms of substrate preference the dimeric enzymes are proposed to hydrolyze smaller molecules like CDs while the monomer can accommodate larger molecules such as starch (Park et al. 2000; Kim et al. 2001) . The N-terminal domain is believed to stabilize the dimeric state in solution, where the N-domain of one subunit to some extent covers the catalytic site of the other subunit, and thereby the narrower cleft is formed. In a recent study (Park et al. 2007 ) the geometric shape in the active site was altered by modifications, where certain amino acids were replaced by bulkier ones. This changed the substrate recognition and in turn also the substrate preference. Also here the N-domain was found to play an important role as being involved in the size recognition of the substrate. In this article, six different enzymes from the neopullulanase subfamily GH13 have been selected for a more detailed exploration on structural similarities and differences, in order to address if these can be linked to their enzymatic properties. The enzymes were isolated from thermophilic sources and are in this work referred to by a simple code consisting of Amy (for the α-amylase family), followed by a number reflecting the gene number in the isolation procedure. Designations following the recommended GH nomenclature (Henrissat et al. 1998 ) have previously been given to Amy92 (LsCda13), and Amy98 (Af Cda13) (Turner et al. 2005a,b) presented here. This system, however, creates a difficulty when dealing with genes isolated from environmental DNA of unknown microbial origin. The simple code (described above) will hence be used throughout the text in this review to avoid confusion.
Gene retrieval and expression
Both individual bacterial strains of thermophilic origin and environmental samples (from Icelandic hot springs) were used for the isolation of genes. The sequences encoding three of the enzymes were isolated from the genomic DNA of the thermophilic bacterial strains: Anoxybacillus flavithermus, Laceyella sacchari (Turner et al. 2005a,b) , and Geobacillus thermoleovorans (A. Labes, E. Nordberg Karlsson, O. Fridjonsson, P. Turner, G. Hreggvidsson, J. Kristjansson, O. Holst & P. Schönheit, unpublished manuscript). The other three enzymes were encoded by genes isolated from in-situ enriched environmental samples, collected from Icelandic hot springs (Labes et al. 2008) .
The route to obtain full gene retrieval followed a procedure that included two main steps, of which the first was amplification of a consensus fragment between two conserved regions, and the second step included gene walking to obtain the flanking regions (Fig. 1) .
The first step followed the CODEHOP-strategy (Rose et al. 2003) , and utilized the α-amylase family GH13 conserved sequence regions I and II (MacGregor et al. 2001) to design a set of a total of 8 forward and reverse primers (Labes et al. 2008) . After sequencing of the consensus fragments, a BLAST search was performed on the encoded amino acid sequence. The 10 highest scores were used to preliminary assign the sequence to a putative α-amylase subfamily, and the totally 6 sequences with the highest probability match to sequences annotated as CDases, MAases and NPases -the three main activities of the neopullulanase subfamily (Lee et al. 2002) -were selected for full gene retrieval.
The second step included repeated PCR-reactions using a biotinylated 5'-specific primer paired with an , which led to successful retrieval of the full-length genes, both from the mixed DNA population of environmental in situ enriched samples, and from genomic DNA of isolated bacterial strains. The gene walking was continued until a probable start codon with a potential ribosome binding site in the 5'-end was detected, and past the stop-codon in the 3'-end of the gene sequence. New primers were designed to PCR-amplify the complete genes, which after a subcloning step were expressed in Escherichia coli. In order to obtain sufficient amounts of soluble enzyme, the vectors and host strains were varied, and those that were used are summarized in Table 1 .
Sequence analysis and domain organization
The full length genes were subjected to a BLAST search using the deduced amino acid sequence of the respective gene as the query sequence. The high score to GH13 20 members (the neopullulanase subfamily), first found for the consensus fragment could be confirmed in all cases (Table 1) . The identity-level between the newly obtained sequences was analysed by pair-wise alignments (http://www.ch.embnet.org/software/LALIGN form. html), showing a degree of identity in the overall amino acid sequence that varied between 31-76% (Table 2 ). Already at this stage, the length of the encoded proteins indicated a difference in the number of domains, as one sequence (Amy29, 484 amino acids), was approximately 100 residues shorter than the other five (all in the range of 582-588 residues). None of the genes contained a signal peptide. 
(a) Overview of the typical fold of a neopullulanase family enzyme, here represented by a model of Amy98, displayed using Pymol. In this figure only the monomer is shown. The positions of the domains (N, violet; A and B, blue; and C, red) and the conserved regions I (green), II (yellow), III (red), and IV (orange), and the MPKL motif (cyan, in sticks) are indicated. The side chains of the catalytic residues of region II, III, and IV are shown. The loop corresponding to the calcium binding loop found in the Geobacillus NPase, and in TVAII is shown in pink. (b) The sequences of the main part of the catalytic module from the neopullulanase subfamily members Amy1, 29, 89, 92, 98 , and 132 isolated from the thermophiles, aligned together with three family members with determined three-dimensional structure: sp|P38940 = NPase from Geobacillus stearothermophilus, tr|O69007 = MAase from Thermus sp., and TVAII Q7DI = NPase (TVAII) from Thermoactinomyces vulgaris. The colouring of the conserved regions corresponds to that of (a). The typical conservation of the neopullulanase family is shown (with the residues conserved throughout the sequences of this alignment in upper case, and residues conserved in the majority of the sequences in lower case). Residues differing in the conserved regions are underlined in the respective sequence. (c) Alignment of the region corresponding to the Ca-binding loop observed in the structures of NPases from Geobacillus stearothermophilus and Thermoactinomyces vulgaris (TVAII). Calcium ligands are shown underlined in red, and conserved residues at corresponding positions in the aligned sequences are underlined. Fig. 3 . Alignment of the N-domains of the five neopullulanase subfamily representatives isolated from thermophiles, with the N-terminal CBM34 of TVAI. The program used was ClustalW, default parameters, with adjustment of gaps to improve the fit of secondary structure elements. The β-strand secondary structure elements (structure determined for TVAI CBM34, modelled for the other enzymes using Swiss-Model) are shown in bold. Residues of the NA-site of TVAI are shown in orange and N-site in green. The tyrosine residue proposed to be important for CD-binding is indicated in yellow. Templates for modelling were: PDB 1SMA for Amy1, PDB 1SMA for Amy89, PDB 1JI2 for Amy92, PDB 1J0H for Amy98 and PDB 1WZK for Amy132. All models by energy-minimisation. The inserted figure shows the N-domain of Amy98 in ribbon presentation, with the positions corresponding to the TVAI binding sites N (green) and NA (orange) indicated. The tyrosine residue proposed for CD-binding is shown in yellow. The residues of the TVAI binding sites were not well conserved. The side chains of the three conserved residues (FDY), close to the N-site, and conserved throughout the sequences are shown, and also conserved aromatic residues close to the NA-site.
The domains and domain-boundaries were identified using alignment and comparison with the closest related enzyme with already determined threedimensional structure (based on sequence comparison) ( Table 1 ). This confirmed that five of the enzymes exhibited the domain structure typical of the neopullulanase subfamily, consisting of an N-terminal domain, a catalytic module composed of two domains (domain A [(β/α) 8 -barrel] with domain B protruding from this), and finally domain C (Fig. 2a) . The enzyme designated Amy29 was only composed of the catalytic module (domains A and B) and domain C.
The N-domain
The N-domain, present in five of the enzymes, had a lower degree of sequence conservation (24-65% id.) compared to the overall sequence (with highest conservation in the AB-domains) ( Table 2 ). Many of the conserved residues are aromatic (Fig. 3) , including a conserved tyrosine (Y45 in Amy92) proposed to be of importance for CD-binding and possibly also transglycosylating activity of the dimeric NPase from Geobacillus stearothermophilus (Hondoh et al. 2003) . The presence of conserved aromatic residues is in agreement with a proposed role in substrate binding. Based on this finding and on similarities in sequence, the N-domains of GH13 20 have been preliminary assigned as carbohydrate binding modules (CBMs), classified under CBMfamily 34 (P. Coutinho, personal communication; Machovic & Janecek 2006) . One N-domain in CBM34 is also experimentally shown to be a substrate binding domain (note however that no tyrosine corresponding to Y45 is conserved in this domain). The N-domain of the structurally described enzyme TVAI (Abe et al. 2004 (Abe et al. , 2005 , is shown to host two binding sites (termed N and NA, based on the domain position and interactions in the enzyme) capable of binding both starch and pullulan (Abe et al. 2004) . It should however be noted that TVAI, despite hosting the CBM34 N-domain, is based on its specificity not a typical GH13 20 enzyme. We analysed the N-domains of the enzymes of thermophilic origin isolated here, and modeled the secondary structure of the domains based on energy minimization. The secondary structure elements could be well fitted to those of the TVAI (the domain with proven starch binding) (Fig. 3) , as well as to other structurally known Ndomains in GH13 subfamily 20, supporting the classification in a common CBM-family. However, apart from a short region (FDYW/F, Fig. 3 ) completely conserved in all the candidate sequences, the residues identified as substrate binding sites in TVAI were not well conserved, making predictions on substrate binding impossible without biochemical data. The gain of these data completed the structural proposals (see below).
The C-domain
The C-domain is the domain with the lowest degree of sequence conservation in the GH13 family, and the identities between the newly isolated enzymes were only between 11 and 49% (Table 2) . Highest sequence identity was generally found with the corresponding domain of enzymes with the highest overall sequence identity.
The function of the C-domain has been thought to be stabilization of the catalytic module by shielding hydrophobic residues from the solvent (MacGregor et al. 2001 ). This function coincides well with the finding that neither Amy92 nor Amy98 could be expressed in active form after deletion of the C-domain (Turner et al. 2005b) . No residues in this domain were completely conserved throughout the subfamily members, indicating that the interacting residues with the catalytic domain vary, and are only conserved between closely related enzymes.
The catalytic module, conserved regions, and calcium binding loop
In the catalytic (ABA)-domain, the four regions typical of GH13 were conserved in all the novel enzymes, their conservation was in most cases typical for the subfamily (minor exceptions shown below), and included the strictly conserved catalytic residues (shown with Amy92-numbering): D325 in β-strand 4 in region II, E354 in β-strand 5 in region III, and D421 in β-strand 7 in region IV (Fig. 2a,b) , as well as the strictly conserved residue R323 (region II). The highly conserved histidine residues at position 244 (region I) and 420 (region IV) were also found in the enzymes. The region (located between region I and II at the end of the Bdomain) proposed as a fingerprint region for specificity (Oslancova & Janecek 2002) was present. The typical signature of the subfamily (MPKL) was, however, only found in the enzymes that displayed significant CDase activity (Amy1, 89, 92, 98 and 132). Amy29 (lacking CDase activity, as shown below) displayed the signature LPKF at this position. In addition, a few residues in regions I-IV were not conserved (Fig. 2b) .
Between the III rd and IV th classical conserved sequence regions, another conserved region (Fig. 2b) , proposed to belong to the CD-binding site (Park et al. 2000) is present. No easily detectable difference in conservation was however found between the CD-degrading enzymes and Amy29 at this position, but between this region and region IV was a 16 residue insertion not present in the other enzymes from the subfamily (Fig. 2b) .
More regions proposed to be conserved among members of the neopullulanase subfamily can be found N-terminally of region I, where two stretches of residues with a higher degree of conservation are located (Park et al. 2000) . The first of these overlaps a unique Ca 2+ -binding loop (Fig. 2a,c) identified in the structures of the neopullulanase subfamily members TVAII and NPase from G. stearothermophilus (Kamitori et al. 2002; Hondoh, et al. 2003) . This site is the only Ca 2+ -binding site in the structures. We therefore wanted to explore if this location may be typical for the subfamily, by analyzing if the identified calcium ligands were conserved in the enzymes isolated in this work. Previously identified liganding residues (Fig. 2c) were essentially conserved in Amy89, 92, 98 and 132, while only two of the putative ligands could be found in Amy29 and 1 (Fig. 2c) . It however turned out to be difficult to conclude whether the conservation of the liganding residues at this position correlated with the calcium binding ability of the enzymes. As seen below, Amy1 (lacking all but two of the ligands) was activated by calcium, while Amy98 (with all ligands conserved) did not show any calcium dependent changes. It may be that calcium in some cases (i.e. when activity is affected) is bound at another location in the enzyme. The more well-known conserved primary calcium-ion binding site of the α-amylase family, located between domain A and B (e.g. in Taka-amylase from Aspergillus oryzae) (Tada et al. 1989 ) is however most likely absent in this subfamily. Among the CD-degrading enzymes (and in all 6 enzymes described here) the conserved aspartate residue (involved in Taka-amylase calcium binding) is replaced by the lysine residue in the MPKL-signature that may replace the calcium interaction at this position (Kamitori et al. 2002; Hondoh et al. 2003 ).
Thermostability and calcium dependence
All the enzymes were shown to be moderately thermoactive, with apparent optima for activity ranging between 50-65
• C (and apparent pH optima ranging between 5.5 and 6.5) (Turner et al. 2005a (Table 3) , as neither Amy29 nor Amy98 showed any detectable differences in activity or stability after attempts to add or remove this ion.
Amy29 was completely stable at 65
• C (which is the optimum temperature), and had a half-life of 480 min at 80
• C, showing this enzyme to be the most thermostable of the six newly isolated enzymes. Addition of CaCl 2 had no effect on the stability, and EDTA treatment did not result in any activity loss (Labes et al. 2008 ). For Amy98, irreversible thermal inactivation at 60
• C, prior to either EDTA or Ca 2+ treatment, resulted in a halflife of 20 min. Also in this case, addition of calcium or EDTA had no significant effect (Turner et al. 2005a) , suggesting that these two enzymes either do not require calcium or contain calcium in a tightly bound form.
Amy132 was stable at 55
• C, had a half-life of 120 min at 65
• C and 10 min at 70
• C. Addition of CaCl 2 did not stabilise the enzyme against thermal inactivation, but treatment of Amy132 with 20 mM EDTA led to irreversible activity loss (Labes et al. 2008) , showing that calcium may be necessary for structural stability.
Additions of CaCl 2 to Amy89 and 92 had effect on both activity and stability. The half-life of Amy89 at 
65
• C was increased from 15 to 70 min, and the activity at 55 . Calcium also had a stabilizing effect on Amy92 and increased the half-life from 4 min (for untreated purified enzyme) to 120 min at 60
• C (Turner et al. 2005a) . Also in this case the activity was increased upon calcium addition (Table 3) .
As for the Amy1 activity (but not stability), it was affected by calcium (Labes et al. 2008 ). Amy1 had a half-life of 30 min at the optimum temperature (55 
C, Ca
2+ increased activity by 30%. Treatment with 50 mM EDTA resulted in a total inhibition, which however was reversible and could be restored by repeated additions of Ca 2+ . In conclusion, these data show that calcium can have a stabilizing effect or an activity promoting effect in enzymes from the neopullulanase subfamily. This, together with the different conservation levels of putative calcium ligands, points out the possibility that calcium may be bound at different positions (affecting either activity or stability), and that more than one site may be present when both activity and stability is influenced.
Substrate specificity and oligomeric state
The substrate specificity for the six enzymes described here was different. Amy98 and Amy132 are in this aspect most closely related in both displaying a high degree of sequence similarity (Table 2) , and very similar activity profiles (CDase, starch degrading and NPase activity, Table 4 ) with a clear preference for CD degradation. Both enzymes are also dimeric. In addition, they both show transglycosylation products after CDhydrolysis, where the main products were glucose, maltose and maltotriose (with some additional maltooligosaccharides of higher DP present). Pullulan was degraded to panose.
Amy92 from Laceyella sacchari is also showing all three activities, although the preference for CD is not distinct, with comparable k cat /K m for CD and starch (Table 4) . This enzyme (with the NABC domainstructure) is unusual, in being monomeric, yet with CD as one of the preferred substrates (Turner et al 2005a,b) . The relatively decreased fit of CD compared to starch reflected in the K m is however likely a consequence of this. The main products of CD-hydrolysis were maltose and glucose, and pullulan was degraded to panose. It was shown that the enzyme had a higher catalytic efficiency in degrading the larger β-CD over α-CD (Turner et al. 2005a ), again likely due to the larger binding site of a monomeric enzyme, compared to the narrow cleft ), indicating that Amy1 should be designated as a CDase, although with a similar potential for starch degradation, as the difference in relative specificity is small between starch and the cyclic substrates. The hydrolysis products of Amy1 were glucose, maltose and maltotriose, similar to the products obtained after hydrolysis using Amy98 and 132. Also for Amy1, some transglycosylation activity was demonstrated. Amy89 is on the sequence level closely related to Amy98 and Amy132, but is not showing the same high activity in CD degradation (although this is the preferred substrate). It also differs from Amy98 and 132 in that pullulan was not degraded. Another difference was that maltose was the single product from all substrates (except odd numbered CDs), giving this enzyme MAase activity. The sequence conservation was rather high between Amy89, 98 and 132, and still the differences led to significant differences in substrate specificity. We therefore compared the sequences to see whether positions of nonconserved residues in the relative vicinity of the active site could give us a hint on the locations of specificitydetermining variation. Relatively few residues were positioned in this area, and led to the identification of 3 residues in the ABA-domain and 2 residues in domain N (Fig. 4) which could be of importance. Mutagenesis will, however, be required to confirm any specificitydetermining role.
The enzyme termed Amy29 was the only enzyme that had no detectable activity on CDs. It was mainly showing neopullulanase activity, hydrolyzing the α-1,4-glycosidic bonds with panose as the final product from pullulan. This enzyme is lacking the N-terminal domain, but is dimeric (Table 4 ). The only other enzyme sequences with a similar domain composition, and with high similarity to the neopullulanase subfamily (based on the bioinformatics analysis) originate from Thermus thermophilus and Synechocystis sp., but have unfortunately, to our knowledge, not been characterized, leaving no available activity data on enzymes of similar domain composition for comparison. Noteworthy is also that the atypical sequence motif (LPKF instead of MPKL) found in this enzyme, could be seen in some other deposited sequences classified under GH13 20 (P. Coutinho, personal communication), and future characterization of these representatives may shed more light on the importance of this motif.
Conclusion
In conclusion, despite the high similarity in sequence and composition of structural elements between the six enzymes reported here, the remaining differences between the proteins in terms of biochemical data help to explain the structural basis of specificity. The comparison of sequence motifs, domains and oligomeric state shows that even small sequence variations are significant for substrate specificity, thermal properties as well as cation dependence.
Dimerization is an example of a factor that is proposed to be important for CDase activity, but our results also confirm that monomeric enzymes are capable of CD hydrolysis. As shown for Amy89, dimerization also does not guarantee high CDase activity, as the activity on CD was here comparable to the activity of the monomeric enzyme. This finding is in accordance with the results reported by Lee et al. (2002) . It may be that the relatively lower sequence identities between the Nand C-terminal domains result in different subunit interactions with the more conserved AB-domains.
This work has allowed suggestions of factors that may have a role in the activity and stability of the enzymes, but to confirm these, combinations of mutagenesis studies and structural knowledge would be required. These include for instance the location of a putative activity-affecting Ca-binding site. The roles of the variations in the conserved regions for Amy29 and of the more unusual motif-variant (LPKF) are other interesting areas for further investigations. In addition, the high thermostability of Amy29 remains to be connected to structural properties.
